Planet Fusion Monitoring:
‘Next generation ARD via a CubeSat-enabled sensor
fusion approach
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Rise of the CubeSat and Distributed Constellations
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200+ nano-satellites (3U)

Sun synchronous orbits (9 am - 11
am local crossing time)
Near-nadir field of view
Near-dalily revisits globally

3 -5 m resolution

4 - 8 bands (VNIR)
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Falcon 9 rocket holding 44 Planet SuperDoves on January 12, 2022. Image credit: SpaceX
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Interoperability is usability
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A Cubesat enabled Spatio-Temporal Enhancement Method (CESTEM) !

_ utilizing Planet, Landsat and MODIS data
e [usion attempts to take ARD to the next level

<111 [2 Rasmus Houborg™’, Matthew F. McCabe”

e Radiometric harmonization

o Fusion uses an implementation of CESTEM to align all
sensor inputs to Sentinel 2 radiometry

o The Framework for Operational Radiometric Correction 8 .
for Environmental Monitoring (FORCE) is used to o

generate a combined L8 and S2 Surface Reflectance Sensor data fusion
product to use as the target “gold” reference sl
= o
o  The harmonization is spatially and temporally explicit and PlanetScope v
can account for significant spectral non-linearities LANDSAT-8 g o
between the input and target radiometry . Sentinel-2 g
o  Fusion exploits a deep temporal stack of L8, S2, and | <« . Sentinel-1 2 Y
MODIS/VIIRS SR data to detect outliers and perform a MODIS Z R2 = 0.97
very robust and day-specific calibration ' VIIRS i ';'QE_:O%O; (3.9%) |
e Geometric harmonization | ——
o Rigorous co-registration and bundle adjustment routines NDVI (Planet Fusion)
are used to ensure pixel aligned imagery
e Deep cleaning/cloud and shadow masking e Gap-filling
o Rigorous, temporally driven, cloud and cloud shadow o Daily (3 m) SR estimation using a rigorous
detection spatio-temporal interpolation approach with a predictive

: : : component for near real-time production
o Rigorous data clean-up while preserving temporal

information content o Integration of S-2 and L8 (and soon SAR) to help fill gaps
INn PlanetScope coverage




FORCE In Planet Fusion

@)

Planet Fusion uses an in-house implementation of the Framework for
Operational Radiometric Correction for Environmental Monitoring
(FORCE) for producing Sentinel-2 (a/b) and Landsat 8 surface
reflectance data:

Based on an implementation of 5S (Simulation of the
Satellite Signal in the Solar Spectrum) RTM code

Aerosol Optical Thickness (AOT) is estimated from the
Imagery using a dark object based approach

Water vapor content is either estimated on a
pixel-specific basis (Sentinel-2) or derived from a global
MODIS-based database (Landsat 8)

Clouds and shadows are detected using a modified
version of Fmask that exploits parallax effects to improve
detections for Sentinel-2 images

Includes topographic corrections and view angle
normalization

e Sentinel-2 and Landsat 8 is mapped onto the UTM-based Military Grid
Reference System with a 30 m spatial resolution

e A spectral bandpass adjustment (Claverie et al. 2018) is applied to
Landsat 8 to align with Sentinel-2 radiometry

e Additional cloud and shadow detection/verification is done using the
temporally-driven Planet Fusion detection approach

Article
Atmospheric Correction Inter-Comparison Exercise

Georgia Doxani 1*, Eric Vermote %*, Jean-Claude Roger 23", Ferran Gascon 4,

Stefan Adriaensen 5, David Frantz ¢t Olivier Hagolle 7, André Hollstein 8, Grit Kirches °,
Fugqin Li 19, Jéréme Louis !!, Antoine Mangin !2, Nima Pahlevan 213, Bringfried Pflug 14

and Quinten Vanhellemont 1°

FORCE

0.03 T T T T T T T T T 2e+06
accuracy —t—

precision -
uncertainty —»—
suggested specs -
nb of points

| APU landLaSRCqaFORCE Band 04
S2A Surface Reflectance performance
nbp=23568802
Avg Truth 0.17386
Accuracy ~0.00730 Precision 0.00497
0.02 - yncertainty 0.00883 7

0.025

0.015

| B |

1le+06

0.01 -

0.005 ;

0 1 1 1 1 1 1 L L 1
0 005 0.1 0.15 0.2 0.25 0.3 035 04 045 0.5
Surface Reflectance Truth






https://docs.google.com/file/d/18cu3eI_ceaUKyfCF7ylFggySI2mdGLKf/preview
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NIR band
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Radiometric harmonization in Planet Fusion

Temporally-driven reference sampling and cross-calibration

ps. 4

Reference sampling from past HLS (L30/S30) images over AOI  Past | Present
Ts Ty T; T, Ty Ty

< » QA
| e H(l)w

Pﬂ 30

Only use reference if [dSR|<Cy,

dSR;  dSR, dSR; dSR,  dSR,
- To-T To-T To-T To-T To-T
o o o o o Model training HPrediction

S

HLS "
F 1

BEFORE

s
MOD =
5 HLS
SR change PS5 PS, ] E
Via MODIS - EEREE:
PS fusion Ts Ty T, Ty T Harmonized
PS — <+«— | MODIS
VIRS S
TOA NBAR SR Gap-filled

MODIS calibration OUTPUT




Radiometric harmonization in Planet Fusion
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GCeometric harmonization in Planet Fusion

Planet Fusion tile

composition e A phase correlation technique (Guizar-Sicairos et al., 2008, scikit) is used to detect the global
shift between two images with sub-pixel precision

e The clear-sky overlap between and within image strips is used to correct for band-specific

sub-pixels shifts. This ensures that the PlanetScope scenes are properly aligned before
compositing the tile

e [ 8/S2/MODIS/VIIRS data are sub-pixel aligned to a day coincident Planet Fusion chunk

e Pixel alignment in temporal space is performed using a rigorous bundle adjustment based
approach

13.5 km

e In addition, a chunk-level co-registration against clear-sky S2 imagery is performed. This will

reduce any offset that may exist between PS/PF and S2 imagery and between adjacent
Fusion tiles

e Chunks are sub-pixel aligned before being merged to produce the tile

24 km
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https://docs.google.com/file/d/15yoPQk-7YeMYCwrPt4UdCBMg5vNGDqCt/preview

Cloud masking and gap-filling in Planet Fusion planet
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2019.07.07: Orange River (South Africa)




PlanetScope - TOAR Planet Fusion - SR Planet Fusion - cloud mask

2021.01.02: Orange River (South Africa)



2020.12.20: Orange River (South Africa)




PlanetScope - TOAR Planet Fu5|on SR

2019.05.07: Bolivia



Bolivia - PIanetScope TOAR (2019-05- O7)




Bolivia - Planet Fusion SR (2019-05-07)
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Gap-filled pixel uncertainties

Intercomparison of synthetic (gap-filled) and observed pixel values

green band uncertainties
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Gap-filled pixel uncertainties

Intercomparison of synthetic (gap-filled) and observed pixel values

NIR band uncertainties

NIR band 'l Based on 2018 - 2021 data across a wide range
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Predicting band-specific uncertainties

TR T A Y

0.7 ! . Oy iy N ] > - . N
NIR band Bolivia (-16.81 S, 62.77 W)
0.6 -
©
&
5 0.5 -
d
0
2 :
T 0.4
2%
8 0.3 -
5 .
N 0.2-
o ®
Z
0.1 - ® Llandsat8
®  Sentinel-2 2
0';)5 : ' ' ' ' PlanetScope (TOAR) =&
Clear-sky (Dove-C only): 20% - Planet Fusion

Clear-sky (Dove-C + Dove-R): 24% | 3
Clear-sky (Dove-C + Dove-R + SD): 28% +L.8/S2
Clear-sky (Dove-C+R+SD+L8+S2): 30% | "

‘ l""'.', § ik
“.'\ L '.
25 ' | \
/, |
Y i r’
, Dove-C 1 /
. f ) A

Clear-sky coverage [%]
2>
> D




Clear-sky coverage scenarios
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Ground-based validation

—Planet Fusion Corn (2019), North Platte (NE)

e PlanetScope

——Ground truth (Arable)

12 11 3 5 6 7 14 16 10 15 13 9 *Ground truth data provided in partnership with o
| Arable and The University of Nebraska-Lincoln
| ; 0.0
r 130 150 170 190 210 230 250 270 290
: Day of year (2019)
| 1 F4=18< 2 |44+-104-55 12 3nm 812 Metric Arable vs PlanetScope Arable vs Planet Fusion
| r2 0.910 0.993
¢ 110m - N MAD  0.086 (13.0%) 0.018 (2.7%)

Each blok ~ 9 m wide
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PF: r: 0.9695 mad: 0.0261
PS: r: 0.5472 mad: 0.2743
FORCE: r: 0.9566 mad: 0.0302
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PF: r: 0.9839 mad: 0.0301
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FORCE: r: 0.9725 mad: 0.0353
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*Ground truth data provided in partnership with Arable and The University of Nebraska-Lincoln
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Planet Fusion - Summary

A e Daily (gap-free) 4-band Surface Reflectance values delivered as gridded UTM tiles (24 km

Z X 24 km) with a 2-day latency .
_ e Advanced radiometric harmonization which leverages. rigorously calibrated third party
'/‘-u Vg sensors (MODIS/VIIRS, Landsat 8, and Sentinel-2) for full fleet interoperability
\:\:‘ e Geometric harmonization to ensure pixel-aligned imagery
we e Rigorous, temporally driven, cloud and cloud shadow detection
e Fusion of Sentinel-2 and Landsat{8 data to help fill gaps in PlanetScope coverage
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Planet Fusmn Ongomg work

Optical - SAR Fusion to improve performance and conﬂdence estimates over Cloud prone
regions

Adding additional spectral bands (e.g., red-edge)

Evaluate consistency against other Su rface Reflectance prod ucts (e.g., NASA HLS, ESA sen2cor,
sen2like, USGS LaSrc)

Expand validation framework against ground-based sensor networks
Use Planet Fusion SR data as the foundation for deriving higher level products (e.g. LAI, ET)

Collaborate with academic and industry partners to identify valuable and interesting use

cases of Planet Fusion P
‘ ¥ Agricultural and Forest Meteorology gy

Volume 313, 15 February 2022, 108736 -

Article | Open Access | Published: 09 June 2021

CubeSats deliver new insights into agricultural water
use at daily and 3 mresolutions

v

3 Cube‘\sat Constellations Provide Enhanced Crop Phenology ¢

Early season prediction of within-field crop yield
variability by assimilating CubeSat data into a

Agricultural and Fore CIop model

| A5 S Volume 297, 15 Februar Ziliani * & B Muhammad U. Altaf? Bruno Aragon °, Rasmus Houborg €, Trenton E. Franz ¢, Yang Lu ¢,

Matteo G .
n effield €, Ibrahim Hoteit ', Matthew F. McCabe

And Digital Agricultural Insights Using Daily Leaf Area Index | Evaluation of four image fusion NDVI products

Retrievals.

Johansen K, Ziliani MG, Houborg R, Franz TE, McCabe MF

Preprint from Research Square, 13 Dec 2021
DOI: 10.21203/rs.3.rs-1134595/v1

PPR: PPR431416 Xiaolin Zhu ¢

against in-situ spectral-measurements over a

heterogeneous rice paddy landscape

Juwon Kong * " Youngryel Ryu ™ ¢ " 2 & Yan Huang °, Benjamin Dechant ¢, Rasmus Houbo
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